Introduction
============

Colorectal cancer (CRC) is the third most frequently diagnosed cancer and the fourth leading cause of cancer-related death globally [@B1]. Despite the declining mortality rate of CRC, mainly due to advances in screening tests, surgery, radiation therapy and adjuvant chemotherapy, more than 40% of CRC patients die from tumor recurrence and metastasis [@B2]. Acquisition of resistance to multiple chemotherapeutics leads to the main therapy failure in CRC. Emerging evidence indicates that cancer stem cells (CSCs), a cellular subpopulation with stem cell-like features, are critical for CRC initiation, progression, relapse, metastasis and chemoresistance [@B3]-[@B5]. Cancer-associated fibroblasts (CAFs), one of the primary stromal cell types in the stroma of CRC tissues, also play an important role in tumor proliferation, metastasis, angiogenesis and chemoresistance by utilizing paracrine factors [@B6]-[@B8]. CAFs can remodel the extracellular matrix structure and tumor microenvironment, which contribute to generate the CSC niche [@B9], [@B10].

Long noncoding RNAs (lncRNAs) are a heterogeneous class of transcripts longer than 200 nucleotides with limited protein-coding potential [@B11]. They are involved in multiple cellular and biological processes by interacting with various macromolecules such as DNA, chromatin, proteins, and RNAs [@B12]-[@B14]. LncRNAs are aberrantly expressed in multiple human cancers, such as colorectal, prostate, breast, liver, brain cancer, renal, and bladder cancer, where they may modulate numerous hallmarks to promote or inhibit CRC development, invasion, and metastasis including proliferation, apoptosis, metastasis and metabolism [@B15]-[@B19]. Nevertheless, the roles of lncRNAs in controlling CSC maintenance and chemoresistance are poorly understood.

H19 is maternally imprinted and critical for embryonic development and growth control [@B20], [@B21]. Previous studies have reported that H19 maintains the repopulating ability of hematopoietic stem cells through a miR-675-Igf1r signaling circuit [@B22]. Abundantly expressed H19 is found in a majority of human cancers, including CRC, hepatocellular carcinoma, esophageal cancer, ovarian cancer, breast cancer and bladder cancer, and plays a role in oncogenesis [@B23]-[@B26]. In CRC, high H19 expression was correlated with poor prognosis of CRC patients and shown to be involved in cell proliferation, cycle, and migration of CRC cells [@B27]-[@B30]. Although those findings have indicated the important roles of H19 in tumorigenicity, the role of H19 in stemness and chemoresistance of CRC is still unknown. In addition, little is known about the upstream factors that induce the abundant expression of H19 in CRC.

RNA molecules, including mRNAs, microRNAs, circular RNAs and lncRNAs, are highly enriched in exosomes, which are nanosized vesicles (30-150 nm) secreted by most cell types [@B31], [@B32]. Exosomes serve as mediators of cell-to-cell communication, which plays an important role in tumor progression, invasion, metastasis and chemoresistance [@B33], [@B34]. The ncRNA-loaded exosomes serve as mediators to regulate the tumor microenvironment, stemness and chemoresistance of cancer cells [@B35]-[@B37]. Recent studies have shown that exosomes are involved in the dynamic crosstalk among CAFs and cancer cells and shape the tumor environment to promote tumor progression and metastasis [@B38], [@B39].

Here, we explored the role of H19 in stemness and chemoresistance in CRC. We found that lncRNA 19 could be transferred from CAFs to cancer cells through exosomes, and exosome-enriched H19 promoted the stemness of CSCs and chemoresistance of CRC cells. Therefore, H19 activated the β-catenin pathway as a competing endogenous RNA sponge for miR-141 in CRC, while miR-141 inhibited the stemness of CRC cells. Our findings indicate that H19 expressed by CAFs of the colorectal tumor stroma contributes to tumor development and chemoresistance.

Methods
=======

Patients and tissue samples
---------------------------

Tumor tissues of CRC patients were obtained from the Nanjing General Hospital. For isolation of the primary normal fibroblasts (NFs) and CAFs of CRC patients, 10 paired tumor tissues and adjacent normal tissues were collected during the surgery. The sterile fresh CRC tissues and adjacent normal tissues were immediately washed with PBS containing 20% antibiotics. Then, the tissues were digested with collagenase type I (Sigma, Saint Louis, MO) and hyaluronidase (Sigma, Saint Louis, MO) to isolate the primary NFs and CAFs. Ethical approval was obtained from the institutional ethics committee of Medical school of Nanjing University.

RNA sequencing
--------------

After the AOM/DSS-induced CAC mouse model was established, the tissues of colons undergoing the carcinoma pathological process were collected and frozen in a -80 °C freezer. Then, we performed whole-genome transcriptome profiling by RNA sequencing. Total RNA extraction, RNA sequencing and bioinformatics data analysis were performed by Novel Bioinformatics (Co., Ltd, Shanghai, China). Pathway analysis of the differentially expressed genes from the RNA sequencing results was performed using the KEGG database, and significant pathways were selected by Fisher\'s exact test. The P-value and FDR were used to define the threshold of significance, and the figures were generated by R language.

Cell culture
------------

Human CRC cell lines (HCT116 and SW480) were obtained from American Type Culture Collection (Manassas, United States) and cultured in DMEM supplemented with 10% fetal bovine serum (FBS) at 37 ℃ and 5% CO~2~. For the culture of CAFs and NFs, DMEM/F12 supplemented with 10% FBS was used. The FBS used in the study was from Life Technologies (USA). For preparation of the exosome-depleted FBS, FBS was ultracentrifuged at 110,000 ×g for 18 h at 4 °C. The preparation progress occurred under sterile conditions, and the supernatant was collected. In all of the experiments involving exosomes in the study, exosome-depleted FBS was used for cell culture.

Cell counting kit-8 assay
-------------------------

Cell Counting Kit-8 (DOJINDO, Japan) was used for the CCK8 assay, as previously described [@B40]. Briefly, colorectal cancer cells after corresponding treatment in the study were harvested and seeded in 96-well plates (100 μL, 10000/well). To test the cell viability, 10 μL of CCK8 reagent was added to each well and incubated for 2 h at 37 °C. Then, the absorption was evaluated by a microplate reader at 450 nm (Tecan, Switzerland).

RNA extraction and reverse transcriptase quantitative real-time PCR (qRT-PCR)
-----------------------------------------------------------------------------

For total RNA extraction from cells and tissues, TRIzol reagent (Invitrogen, USA) was used following the manufacturer\'s protocol. For cell lysis, the cells were washed with PBS and 1 mL TRIzol was added per well for 3 min. For tissue lysis, the tissues were cut into pieces with scissors and added to a small iron column with 1 mL TRIzol. Then, the samples were ground using a tissue grinder in a pre-cooled environment. To extract the total RNA in exosomes, a miRNeasy Micro Kit (QIAGEN, Valencia, CA, USA) was used following the manufacturer\'s protocol. The concentration and purity of the RNA were evaluated using a spectrophotometer (Bio-Rad, Hercules, CA). For qRT-PCR, total reverse transcription was performed first. One microgram of total RNA was reverse transcribed to cDNA using a cDNA Reverse Transcription Kit (Takara, Japan). Afterwards, real-time quantitative PCR (qRT-PCR) was performed using the SYBR Green PCR Master Mix (Invitrogen, USA) and Step-One Plus Real-Time PCR System (Applied Biosystems, CA). The 2-∆∆CT method was used to evaluate the relative expression. The sequences of primers used in the study are shown in **Table [S1](#SM0){ref-type="supplementary-material"}**.

Western blotting
----------------

Western blot assays to detect the protein level in cells were performed according to reported protocols [@B41]. The protein concentrations were tested by BCA Protein Assay Kit (Pierce, USA). β-catenin, vimentin, α-SMA, HSP70, CD63, GM130, Sox2, Oct4, Nanog, CD44, CD133 and GAPDH antibodies were used in the study. β-catenin, α-SMA, HSP70, CD63, and GM130 antibodies (1:1000) were purchased from Cell Signaling Technology (MA, USA). CD63 antibody (1:1000) was purchased from Santa Cruz (USA), and vimentin, Sox2, Oct4, Nanog, CD44 and CD133 antibodies (1:500) were purchased from Proteintech Group (Rosemont, USA). The enhanced chemiluminescence reaction was used to detect the protein bands.

Immunofluorescence assays and fluorescence in situ hybridization (FISH)
-----------------------------------------------------------------------

Immunofluorescence assays were performed as described in our previous study [@B42]. Cy3-labeled H19 and FISH Kit (RiboBio, Guangzhou, China) were used following the manufacturer\'s instructions [@B43]. A FV10i confocal microscope (OLYMPUS, Japan) was used to capture the images.

AldeRed ALDH detection assay
----------------------------

The AldeRed ALDH Detection Kit (Millipore, USA) was used following the manufacturer\'s instructions [@B44]. Samples were analyzed by flow cytometry (FACSCalibur, Germany).

Exosome isolation
-----------------

As in our previous study, the differential centrifugation method was used to isolate the exosomes from the culture supernatants [@B45]. Briefly, CAFs or NFs were cultured in DMEM/F12 supplemented with 10% exosome-depleted FBS for 48 h, and culture supernatants were collected. For exosome isolation, the debris and apoptotic bodies in the supernatants were removed first by centrifugation at 2000 ×g (10 min) and 10,000 ×g (30 min). Then, the supernatants were collected and ultracentrifuged at 110,000 ×g for 70 min. Afterwards, the exosomes were washed with sterilized PBS and purified by centrifugation at 110,000 ×g for 1 h. Subsequently, the exosomes were resuspended in PBS and filtered through 0.22 μm filters (Millipore, USA). To measure the total protein concentration of isolated exosomes, Bradford assay (Pierce) was performed.

Exosome characterization
------------------------

The characterization of exosomes was also demonstrated in our previous study [@B45]. To characterize the morphology of the isolated exosomes, transmission electron microscopy (Hitachi HT7700, Tokyo, Japan) was used. Briefly, the isolated exosomes were fixed with 2% paraformaldehyde and spotted onto a glow-discharged copper grid on filter paper. Afterwards, the copper grid was dried for 15 min at room temperature. Then, the samples were stained with 2% uranyl acetate and dried for 10 min. Subsequently, the samples were examined at 100 keV. For size distribution of the isolated exosomes, qNano (Izon Science, New Zealand) was used following the manufacturer\'s instructions. To analyze the protein markers of exosomes, Western blotting assays were performed, and anti-CD63, anti-HSP70 and anti-GM130 antibodies were used.

Transient transfection
----------------------

H19-specific siRNAs, miRNA mimics and negative controls were synthesized by RiboBio (Guangzhou, China). RNAi negative control was used as a negative control (NC). The targeting sequences of H19 siRNA were as follows: si-H19-1, 5′- GGCCTTCCTGAACACCTTA-3′; si-H19-2, 5′-GACGTGACAAGCAGGACAT-3′, si-H19-3, 5′- CCTCTAGCTTGGAAATGAA-3′; negative control, 5′-UUCUCCGAA-CGUGUCACGUTT-3′. Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) was used for transfection following the manufacturer\'s instructions.

*In vivo* studies
-----------------

For the oxaliplatin resistance model, 5×10^6^ Lv-shC and Lv-shH19 SW480 cells resuspended in 200 μL of ice-cold PBS were injected in each mouse to establish xenografts. The NOD/SCID mice (5 weeks old, male) used in the study were purchased from the Model Animal Research Center of Nanjing University. To study the role of H19 in oxaliplatin resistance, we randomly divided the mice into four groups (Lv-shC, Lv-shH19, Lv-shC+oxaliplatin, Lv-shH19+oxaliplatin). For oxaliplatin treatment, mice were injected once every 3 days with oxaliplatin (5 mg/kg). The same volume of saline was used as control treatment, and the tumor volume was calculated.

For the *in vivo* limiting dilution assay, indicated numbers of SW480 cells were suspended in PBS and Matrigel (1:1 ratio) and subcutaneously implanted in the flanks of 5-week-old NOD/SCID mice. After 60 days, tumor formation was examined, and CSC frequency was calculated using the ELDA webtool (<http://bioinf.wehi.edu.au/software/elda>).

For the exosome treatment model, 5×10^6^ SW480 cells per mouse were used to establish xenografts. Then, the mice were randomly divided into four groups (Control, OXA, OXA+Exo-NF and OXA+Exo-CAFs). Exosomes (100 µg total protein in 100 μL volume) were injected twice a week in the vicinity of the subcutaneous tumors. The tumor volume was calculated using the formula V =  a × b^2^ / 2, where a is the long axis and b is the short axis. Male NOD/SCID mice (5-6 week) were used in the study. Animals were sacrificed before neoplastic masses reached limit points. All animal work was approved by the Animal Care Committee of Nanjing University in accordance with Institutional Animal Care and Use Committee guidelines.

Luciferase assay
----------------

The psicheck2-based luciferase reporter plasmids containing wild-type H19 (psicheck2-H19-wt) and H19 mutated at the putative miR-141 binding sites (psicheck2-H19-mut) were designed and constructed by Generay Biotech (Shanghai, China). HEK293T cells were seeded into 24-well plates and co-transfected with psicheck2-H19-wt plasmids, psicheck2-H19-mut plasmids, miR-141 mimics or mimic controls by Lipofectamine 2000. After 48 h of transfection, the cell lysates were collected and the Dual-Luciferase Reporter Assay System (Promega) was used to detect the firefly and renilla luciferase activities.

Immunoprecipitation assay
-------------------------

The RNA-binding protein immunoprecipitation (RIP) experiment was performed as previously described [@B46]. In brief, the SW480 cells were lysed in RIP lysis buffer and the extracts were collected. Then, RIP buffer containing magnetic beads coated with Ago2 antibody or control IgG antibody (negative control) was added to the extracts and incubated at 4 °C for 4 h. The antibodies were obtained from Abcam (Cambridge, USA). After being washed, the immunoprecipitated RNA was isolated by TRIzol reagent and subjected to RT-qPCR. SDS-PAGE was used for detecting the proteins.

Statistical analyses
--------------------

GraphPad_Prism_5.0 (Graphpad Software Inc.) was used for the statistical analyses. To determine significance between two groups, an unpaired t-test was performed. Kruskal-Wallis test was used to evaluate the differences between more than two groups. P values \< 0.05 were considered statistically significant.

Results
=======

LncRNA H19 is overexpressed in colorectal cancer
------------------------------------------------

In our previous study, the AOM/DSS-induced CAC mouse model was successfully established, and colon tissues undergoing the pathological process associated with carcinoma were collected [@B47]. We performed whole-genome transcriptome profiling by RNA sequencing and applied an EBseq algorithm to filter the differentially expressed genes. The heat map provided a visual representation of the unregulated lncRNAs in tumor tissues compared with normal colon tissues (**Figure [1](#F1){ref-type="fig"}A** and **Table [S2](#SM0){ref-type="supplementary-material"}**). Pathway analysis revealed that several critical pathways, including cell adhesion molecules, metabolism of xenobiotics, inflammatory bowel disease and drug metabolism (**Figure [1](#F1){ref-type="fig"}B** and **Table [S3](#SM0){ref-type="supplementary-material"}**), were involved in the carcinogenesis of the CAC mouse model. Expectedly, the inflammatory bowel disease pathway was significantly activated. Of note, H19 was unregulated 375.16-fold in carcinoma compared with its expression in normal colon tissues (**Table [S2](#SM0){ref-type="supplementary-material"}**). H19 is one of the best-known imprinted genes with a secondary RNA structure conserved across lineages [@B48], [@B49]. H19 has been shown to be up-regulated in CRC tissues and associated with CRC patient survival. In addition, H19 has also been reported to play an important role in epithelial-mesenchymal transition [@B50] and drug metabolism [@B51]-[@B53]. Therefore, H19 was chosen and validated for further exploration. The qRT-PCR results showed increased expression of H19 in tumor tissues from CRC patients (**Figure [1](#F1){ref-type="fig"}C**, *p* = 0.0169).

Next, we analyzed RNA-seq data from The Cancer Genome Atlas (TCGA) of coding transcripts using the bioinformatics tools "Cancer RNA-seq Nexus" (CRN, <http://syslab4.nchu.edu.tw/>). Specifically, we analyzed the expression of H19 in five subsets of different stages (Stage I, Stage II, Stage III, Stage IV and metastatic Stage IV). In all of these pairs, H19 was significantly overexpressed (adjusted P-values 1.33×10^-8^ to 4.76×10^-3^) in cancer subsets (average TPM = 18.32-72.47) with respect to normal subsets (average TPM = 2.85). The results indicated that the level of H19 was significantly increased as a whole in early stages and increased with the development of CRC (Stage I, Stage II and Stage III). In addition, the expression of H19 was also higher in metastatic Stage IV compared to its expression in non-metastatic Stage IV cases (**Figure [1](#F1){ref-type="fig"}D**).

The CRC specimens in our study were stratified into two categories, H19-high and H19-low CRC groups, with the median H19 expression value as the cutoff. Further analysis of CRC specimens demonstrated that H19 expression correlated with immunostaining scores of aldehyde dehydrogenase 1A1 (ALDH1A1) in corresponding specimens (**Figure [1](#F1){ref-type="fig"}E-F**; *p* = 0.0022, *R* = 0.6433). As ALDH1A1 has been reported as a cancer stem cell marker in CRC [@B54], this result indicates that H19 might be associated with the stemness of CRC stem cells.

LncRNA H19 promotes the stemness and oxaliplatin resistance of colorectal cancer
--------------------------------------------------------------------------------

To further ascertain the role of H19 in the stemness of CRC, we knocked down or overexpressed H19 in CRC cells. Three siRNA sequences designed to target H19 were used to knock down H19 expression, and si-H19 was selected for further use in our study (**Figure [2](#F2){ref-type="fig"}A**). As shown in **Figure [2](#F2){ref-type="fig"}B-C**, the knockdown of H19 significantly decreased the sphere-propagating capacity, while the overexpression of H19 enhanced the sphere-propagating capacity in colon cancer cells (both SW480 and HCT116 cells). As high intracellular ALDH enzyme activity serves as a universal marker of CRC stem cells [@B55], [@B56], we also performed AldeRed ALDH detection assays to assess the populations of ALDH1^high^ cancer cells. H19 overexpression significantly increased the populations of ALDH1^high^ cells (**Figure [2](#F2){ref-type="fig"}D-E).** Moreover, H19 overexpression enhanced the expression of pluripotency transcription factors (Nanog, Oct4 and Sox2) and several CSC markers (**Figure [S1](#SM0){ref-type="supplementary-material"}**). As CSCs have been reported to be relatively resistant to chemotherapy, we assessed the chemosensitivity of CRC cells by conventional and widely used chemotherapeutic agents (oxaliplatin). H19 overexpression markedly contributed to oxaliplatin resistance in SW480 and HCT116 cells (**Figure [2](#F2){ref-type="fig"}F**). The cell apoptosis assay confirmed that the oxaliplatin resistance of SW480 cells was further enhanced by overexpression of H19 (**Figure [2](#F2){ref-type="fig"}G-H**).

To further ascertain the role of H19 in promoting CSC-like characteristics, we performed limiting dilution assays. As shown in **Table [1](#T1){ref-type="table"}**, the frequency of tumor-initiating cells was significantly decreased by knocking down H19. We also established a xenograft model by stably knocking down H19 in SW480 cells (Lv-shH19) and investigated the role of H19 in tumor growth and oxaliplatin resistance. As shown in **Figure [3](#F3){ref-type="fig"}A-B**, knocking down H19 significantly inhibited tumor growth under the treatment of oxaliplatin, while knocking down H19 without oxaliplatin treatment had no effect on tumor growth. The expression of H19 in tumor tissues of the xenograft models was confirmed, as shown in **Figure [3](#F3){ref-type="fig"}C**. Furthermore, knocking down H19 also decreased the expression of Ki-67 (**Figure [3](#F3){ref-type="fig"}D-E**) and increased the expression of cleaved Caspase-3 (**Figure [3](#F3){ref-type="fig"}F-G**). In addition, knocking down H19 increased the apoptotic index in tumor tissues (**Figure [3](#F3){ref-type="fig"}H-I**). Together, H19 promoted the stemness and oxaliplatin resistance of CRC.

LncRNA H19 is highly expressed in the CAFs of the colorectal cancer stroma
--------------------------------------------------------------------------

To explore the origin and role of H19 in CRC, we assessed the expression of H19 in both cancer nests (pan-CK-positive) and tumor stroma (α-SMA-positive) by RNA-FISH and immunofluorescence assays. Intriguingly, although both the cancer nest and tumor stroma exhibited high H19 levels, H19 was more highly expressed in tumor stroma than in cancer nests (**Figure [4](#F4){ref-type="fig"}A**). To further confirm the expression of H19 in tumor stroma, we isolated CAFs and NFs from CRC tissues and adjacent normal tissues. To identify the purity and phenotype of isolated NFs and CAFs, fibroblast biomarkers were tested. In CAFs, the expression of CAF-specific genes, including fibroblast activation protein (FAP), fibroblast specific protein 1 (FSP1), alpha-smooth muscle actin (ACTA2) and CD90, were markedly unregulated compared to the expression in NFs (**Figure [S2](#SM0){ref-type="supplementary-material"}A**). Immunofluorescence staining assays confirmed the cellular morphology and marker of the isolated fibroblast populations (NFs and CAFs) (**Figure [S2](#SM0){ref-type="supplementary-material"}B**). Both the isolated NFs and CAFs were found to express vimentin, while the expression of a myofibroblast marker (α-SMA) was only found in CAFs (**Figure [S2](#SM0){ref-type="supplementary-material"}C**). Surprisingly, we found higher levels of H19 in CAFs compared to the expression in NFs (**Figure [4](#F4){ref-type="fig"}B**). Therefore, H19 was more highly expressed in the CAFs of tumor stroma cells than in those of CRC cells. These findings suggested a hypothesis that the stemness and oxaliplatin resistance of CRC may be ascribed to overexpression of H19 in CAFs of the CRC microenvironment.

CAFs enhances the level of H19, stemness and oxaliplatin resistance of colorectal cancer cells
----------------------------------------------------------------------------------------------

To assess whether CAFs regulate the CSC-like characteristics of CRC cells, we treated human CRC cells with conditioned medium derived from NFs (NF-CM) and CAFs (CAF-CM). CAF-CM treatment strikingly increased the sphere-propagating capacity compared with NF-CM treatment, while there was no difference between the NF-CM and control group (**Figure [4](#F4){ref-type="fig"}C and Figure [S2](#SM0){ref-type="supplementary-material"}D**). Moreover, CAFs acquired from other CRC patients showed a similar effect on CRC cells (**Figure [S3](#SM0){ref-type="supplementary-material"}**). Previous studies reported that exosomes were transferred from stromal to breast cancer cells and contributed to drug and radiation resistance [@B57]. We hypothesized that exosomes might contribute to the enhanced sphere-forming capacities of CRC cells. To investigate the role of exosomes, an exosome inhibitor (GW4869) was used to block exosome secretion. As shown in **Figure [4](#F4){ref-type="fig"}D-E**, CAF-CM treatment significantly enhanced the populations of ALDH1^high^ cancer cells, while GW4869 reversed this effect. Those results indicated that exosomes released by CAFs might enhance the stemness of CRC cells. On the other hand, CAF-CM treatment significantly enhanced cell viability of CRC cells (**Figure [4](#F4){ref-type="fig"}F-G**) and decreased oxaliplatin-induced apoptosis, while cell apoptosis was increased along with the blockage of exosome secretion from CAFs by GW4869 (**Figure [4](#F4){ref-type="fig"}H**). These data indicated that CAFs might induce inherent resistance to chemotherapeutic agents through secretion of exosomes.

We further analyzed the level of H19 in SW480 cells after CAF-CM and NF-CM treatment. The results showed that CAF-CM treatment increased the level of H19 compared to the expression in the NF-CM group (**Figure [4](#F4){ref-type="fig"}I**). In contrast, CAF-CM with blockage of exosome secretion could not increase the level of H19 in SW480 cells (**Figure [4](#F4){ref-type="fig"}I**). H19 has been shown to be induced by TGF-β in CRC [@B58], and CAFs have been found to secrete TGF-β to promote vascular mimicry formation [@B59]. We wondered whether TGF-β was involved in the increased H19 level of CRC cells induced by CAFs. Therefore, we blocked the TGF-β pathway with galunisertib (an inhibitor of TGF-β receptor I). As shown in **Figure [4](#F4){ref-type="fig"}J**, the blockage of TGF-β receptor I in SW480 cells did not decrease H19 expression under CAF-CM treatment. Together, these data indicated that CAF-derived exosomes, rather than TGF-β secreted by CAFs, might be involved in the enhanced expression of H19, stemness and oxaliplatin resistance in CRC cells.

CAF-derived exosomes transfer lncRNA H19 to colorectal cancer cells
-------------------------------------------------------------------

To further confirm the role of CAF-derived exosomes, we purified exosomes from the conditioned medium derived from CAFs and NFs. Both the isolated exosomes exhibited typical lipid bilayer membrane encapsulation, cup-shaped morphology, size, and number (**Figure [5](#F5){ref-type="fig"}A-B**). The isolated exosomes also positively expressed exosome protein markers, including CD63 and Hsp70 (**Figure [5](#F5){ref-type="fig"}C**). The GW4869 or vehicle pre-treated CAFs were labeled with CM-Dil and co-cultured with SW480 cells for 18 h. Immunofluorescence was used to analyze the distribution of CM-Dil in cells (**Figure [5](#F5){ref-type="fig"}D**). As shown in**Figure [5](#F5){ref-type="fig"}E**, more Dil-positive SW480 cells were observed under co-culture with vehicle pre-treated CAFs compared with the number observed in GW4869 cells pre-treated with CAFs that secreted fewer exosomes. The results indicated that the SW480 cells could effectively ingest CAF-derived exosomes. Furthermore, we analyzed the level of H19 in the isolated exosomes and found that exosomes derived from CAFs of CRC patients showed higher levels of H19 than the exosomes derived from corresponding NFs (**Figure [5](#F5){ref-type="fig"}F**). Expectedly, incubation with exosomes from CAFs significantly increased the intracellular levels of H19 in SW480 and HCT116 cells. However, exosomes derived from NF cells could not increase the levels of H19 in SW480 or HCT116 cells (**Figure [5](#F5){ref-type="fig"}G and Figure [S4](#SM0){ref-type="supplementary-material"}A**). Together, these results indicated that H19 was enriched in CAF-derived exosomes and could be transferred from CAFs to CRC cells.

To assess the effect of exosomes on stemness and oxaliplatin resistance, CRC cells were incubated with exosomes from CAFs or NFs. As shown in **Figure [5](#F5){ref-type="fig"}H** and **Figure [S4](#SM0){ref-type="supplementary-material"}B-D**, the cancer cells displayed higher sphere formation ability with incubation of CAF-derived exosomes than exosomes from NFs. Exosomes from CAFs significantly enhanced the populations of ALDH1^high^ cells compared to exosomes from NFs (**Figure [5](#F5){ref-type="fig"}I-J**). Furthermore, exosomes from CAFs promoted resistance to oxaliplatin in SW480 and HCT116 cells (**Figure [5](#F5){ref-type="fig"}K**).

To further investigate the role of CAF-derived exosomes *in vivo*, we established a xenograft model. As shown in **Figure [6](#F6){ref-type="fig"}A-B**, oxaliplatin treatment inhibited tumor growth, while treatment with CAF-exosomes significantly promoted tumor growth and reversed the antitumor effect of oxaliplatin. Moreover, treatment with CAF-exosomes also increased the proliferation marker Ki-67 and decreased the level of cleaved Caspase-3 induced by oxaliplatin (**Figure [6](#F6){ref-type="fig"}D-G**). TUNEL apoptosis assays showed that CAF-exosomes decreased the oxaliplatin-induced cell apoptosis (**Figure [6](#F6){ref-type="fig"}H-I**). These results were consistent with the H19 *in vivo* data. Furthermore, CAF-exosome treatment increased the level of H19 in tumor tissues compared with NF-exosome treatment (**Figure [6](#F6){ref-type="fig"}C**).

H19 activates the β-catenin pathway via acting as a competing endogenous RNA sponge for miR-141 in colorectal cancer
--------------------------------------------------------------------------------------------------------------------

Given that the Wnt/β-catenin pathway is critical for the capability of intestinal stem cells [@B60]-[@B62], the maintenance of CSCs [@B63], [@B64] and the chemoresistance of cancer cells [@B65]-[@B67], we wondered whether the Wnt/β-catenin pathway was regulated by H19 in CRC. We found that overexpression of H19 promoted Wnt luciferase reporter (TOPFlash) activity (**Figure [7](#F7){ref-type="fig"}A**) and significantly increased the protein level of β-catenin (**Figure [7](#F7){ref-type="fig"}B**). Overexpression of H19 also enhanced the expression of the downstream genes of the Wnt/β-catenin pathway (**Figure [7](#F7){ref-type="fig"}C**). Furthermore, CAF-exosomes significantly enhanced the protein level of β-catenin in SW480 cells (**Figure [7](#F7){ref-type="fig"}D**). We also analyzed the expression of β-catenin in tumor tissues in our established xenograft model. As shown in **Figure [7](#F7){ref-type="fig"}E**, treatment with CAF-exosomes significantly increased the protein level of β-catenin compared to treatment with NF-exosomes, while knocking down H19 decreased the β-catenin level. Together, these results indicated that exosomal H19 activated the Wnt/β-catenin pathway in CRC. Further data showed that H19 could regulate many biological processes as an endogenous sponge for miRNAs. RNA immunoprecipitation analysis showed that H19 was elevated in AGO2-containing miRNPs compared with its expression in control IgG immunoprecipitates (**Figure [7](#F7){ref-type="fig"}F**). Next, we confirmed that H19 could functionally interact with miRNAs in CRC cells. Sequence analysis and bioinformatics prediction analysis showed the putative-binding sites between H19 and miR-141 (**Figure [7](#F7){ref-type="fig"}G**), suggesting that H19 had ceRNA potential for miR-141. MiR-141, a member of the miR-200 cluster, targets β-catenin and suppresses the Wnt/β-catenin pathway [@B68]-[@B71]. Previous studies have reported that miR-141 plays an important role in the stemness and chemosensitivity of CSCs [@B72]-[@B75]. MiR-141 suppresses prostate cancer stem cells and metastasis via regulating pro-metastasis genes [@B73]. The mammosphere and tumor-initiating capacity of breast cancer cells were increased by knockdown of miR-141 [@B74]. Here, we found that the stemness of CRC cells was significantly suppressed by miR-141. The overexpression of miR-141 significantly decreased the sphere-forming capacities of SW480 and HCT116 cells (**Figure [S5](#SM0){ref-type="supplementary-material"}A-B**), and the overexpression of miR-141 abolished the induction of ALDH1^high^ cells by H19 overexpression (**Figure [S5](#SM0){ref-type="supplementary-material"}C-D**).

We therefore investigated the relationship between H19 and miR-141. To confirm the putative binding site of H19 and miR-141, we performed dual-luciferase reporter assays. As shown in **Figure [7](#F7){ref-type="fig"}H**, miR-141 transfection significantly reduced the luciferase activities of the H19-wt reporter but did not affect the activities of the reporter containing mutated H19. We also confirmed that β-catenin was a target of miR-141 in CRC cells and that H19 regulated the expression of β-catenin by interacting with miR-141 (**Figure [7](#F7){ref-type="fig"}I-J**). Further analysis of CRC specimens demonstrated that H19 expression was positively correlated with immunostaining scores of β-catenin in corresponding specimens (**Figure [7](#F7){ref-type="fig"}K-L**; *p* = 0.0236, *R* = 0.5034). Overall, our findings demonstrate that H19 activated the β-catenin pathway via acting as a competing endogenous RNA sponge for miR-141 in CRC.

Discussion
==========

In the present study, the conserved H19 was found to be highly expressed in the tissues of CAC mice and CRC under different TNM stages. We found that H19 enhanced the stemness and oxaliplatin resistance of CRC cells in both *in vitro* and *in vivo* assays. Importantly, differential expression of H19 in cancer nests and tumor stroma was found, which indicated that H19 might be involved in the crosstalk between tumor stroma cells and CRC cells in the tumor microenvironment.

The present study demonstrated, for the first time to our knowledge, that CAFs expressed significantly higher levels of H19 than NFs and that CAFs transferred the lncRNA H19 to neighboring CRC cells. As the main infiltrated non-lymphocytes in tumor stroma, CAFs promote tumor cell proliferation, cell invasion, angiogenesis and chemoresistance by secreting a secretome that includes CAF-specific proteins, cytokines and extracellular matrix [@B6]-[@B8]. As is well known, periostin, expressed by fibroblasts in normal tissue and primary tumors, promotes the metastasis of breast tumors by enhancing breast CSC maintenance [@B76]. Our results showed that CAFs promoted the stemness of CRC cells via activating Wnt/β-catenin signaling. This observation is in accordance with previous findings that tumor cells preferentially located close to stromal myofibroblasts have high Wnt signaling activity [@B77]. Moreover, we found that CAFs activated the Wnt/β-catenin signaling pathway of CRC cells by secreting H19-containing exosomes.

Wnt/β-catenin signaling plays an important role in biological processes including normal development, stem cell self-renewal and differentiation, and tumorigenesis [@B78], [@B79]. Abnormal activation of Wnt/β-catenin signaling is the initiating and driving event underlying the vast majority of CRC tumorigenesis [@B80], [@B81]. The constitutive transactivation of β-catenin represents a primary initiator of intestinal stem cell transformation and an initial event in CRC [@B82], [@B83]. Collective data suggest that hyperactivated Wnt signaling is essential for maintaining the tumor-initiating potential or CSC characteristics of CRC [@B4], [@B63], [@B64]. In the current study, CAFs promoted CSC characteristics by transferring exosomal H19. We found that H19 overexpression promoted the Wnt luciferase report (TOPFlash) activity and significantly increased the protein level of β-catenin. As expected, the exosomes derived from CAFs showed a similar effect on the Wnt/β-catenin pathway.

The CSCs of CRC are involved in tumor recurrence, metastasis and chemoresistance. The properties of CSCs were enhanced by the Wnt/β-catenin pathway, resulting in the initiation of CRC and resistance to chemotherapy [@B63], [@B64]. In NSCLC, the overactivation of Wnt/β-catenin signaling induced by miR-128-3p enhanced the stemness-like properties and promoted chemoresistance-associated metastasis [@B65]. In CRC, KDM3 family histone demethylases promoted the growth and chemoresistance of human colorectal CSCs by activation of Wnt/β-catenin signaling [@B66]. Correspondingly, the inhibition of Wnt activity in a pharmacological or genetic manner restores the chemosensitivity of DNA-alkylating drugs in human medulloblastoma [@B67]. In both *in vivo* and *in vitro* assays, both CAF-derived exosomes and H19 promoted the oxaliplatin resistance of CRC cells by activating the Wnt/β-catenin pathway.

Collectively, we characterized the roles of lncRNA H19 and CAFs in CRC stemness and oxaliplatin resistance and delineated the underlying molecular mechanism by which CAF-derived exosomes activated Wnt/β-catenin signaling by transferring exosomal H19 (**Figure [8](#F8){ref-type="fig"}**). This study has deepened our understanding of the occurrence of colorectal cancer, the maintenance of colorectal cancer stemness and the tolerance of chemotherapy drugs, as well as provided new ideas and targets for the clinical treatment of colorectal cancer. In addition, our findings highlight the potential for a therapeutic strategy in which therapies targeting CAFs, lncRNA H19 or Wnt/β-catenin signaling in the CRC microenvironment may synergize with chemotherapeutic drugs to increase treatment efficacy.

This work is supported by grants from the National Natural Science Foundation of China (31570909 to Y.H and 81772542 to T.W.) and the Natural Science Foundation of Jiangsu Province in China (BK20161400 to T.W.).

ALDH
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:   fibroblast specific protein 1

LncRNAs
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![**LncRNA H19 is overexpressed in colorectal cancer.** (A) The differential expression of a set of lncRNAs in colon tissues identified from NGS data is shown in the heat map. In the map, H19 was highly expressed overall, although the expression in T2 was relatively low. **(B)** The pathway enrichment analysis of differentially expressed mRNAs is shown. The figure was generated using the R language tool. **(C)** The expression of H19 in CRC tissues was analyzed by qRT-PCR (n=20, *p* = 0.0169). **(D)** The differential expression of H19 in five subsets of different stages (Stage I, Stage II, Stage III, Stage IV and metastatic Stage IV). The expression level is indicated by transcripts per million (TPM) or fragments per kilobase million (FPKM). To obtain the TPM, the expression values (tau values, calculated by RSEM) of TCGA Level 3 RNA-Seq version 2 data sets were multiplied by 10^6^. TPM and RPKM (reads per kilobase million) values were used to standardize the average transcript expression. **(E)** Representative immunostaining graphs of ALDH1A1 expression in H19-high and H19-low CRC tissues. Scale bar, 200 μm. **(F)** Correlation between relative H19 level and ALDH1A1 immunostaining scores in CRC tissues with linear regression lines. All representative data are from three independent experiments. Error bars, SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](thnov08p3932g001){#F1}

![**H19 promotes the stemness and oxaliplatin resistance of colorectal cancer. (A)** SW480 cells were transfected with three small interfering RNAs. The level of H19 in the SW480 cells after transfection was analyzed by qRT-PCR. The H19 in SW480 was significantly knocked down by si-H19-1 and si-H19-3 transfection. **(B-C)** SW480 and HCT116 cells were transfected with si-control, mixture of si-H19-1 and si-H19-3, pcDNA3.1 or pcDNA3.1-H19, and the knockdown of H19 significantly decreased the capacity to form spheres. Representative images are presented. Scale bars, 200 µm. **(D-E)** The SW480 and HCT116 cells were transfected with si-control, mixture of si-H19-1 and si-H19-3, pcDNA3.1 or pcDNA3.1-H19, and an AldeRed ALDH detection assay was performed. Representative images are presented; the ALDH1^high^ cell population was increased by H19 overexpression and decreased by knockdown of H19. **(F)** H19 was overexpressed in SW480 and HCT116 cells, which were then treated with different concentrations of oxaliplatin (0 μM, 1 μM, 2 μM, 4 μM, 8 μM and 16 μM) for 24 h for the CCK8 assay. H19 overexpression promoted oxaliplatin resistance. **(G-H)** Expression of H19 were inhibited or overexpressed in SW480 cells. Then, cells were treated with 4 μM oxaliplatin for 48 h. Flow cytometry was used to analyze cell apoptosis. H19 overexpression decreased the cell apoptosis induced by oxaliplatin. All representative data are from three independent experiments. Error bars, SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](thnov08p3932g002){#F2}

![**H19 promotes oxaliplatin resistance in colorectal cancer *in vivo*.** H19 stable knockdown (Lv-shH19) and control (Lv-shC) SW480 cells were used to establish a xenograft model. Mice were treated with vehicle or oxaliplatin (5 mg/kg). **(A-B)** The changes of tumor volume were monitored and shown (n=6 per group). Knocking down H19 significantly inhibited the tumor growth under oxaliplatin treatment. **(C)** The level of H19 in tumor tissues of the indicated group was analyzed by qRT-PCR, and the level of H19 in tumor tissues was knocked down. **(D-E)** Immunohistochemistry analysis of Ki-67 protein levels in xenograft tumor tissues; the knockdown of H19 decreased the expression of Ki-67. Scale bar, 50 μm. **(F-G)** Immunohistochemistry analysis of cleaved Caspase-3 protein levels in xenograft tumor tissues; cleaved Caspase-3 was decreased by knockdown of H19. Scale bar, 50 μm. **(H-I)** TUNEL apoptosis assay analysis of cell apoptosis in tumor tissues. Scale bar, 25 μm. Error bars, SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](thnov08p3932g003){#F3}

![**CAF-derived exosomes might be involved in the enhanced expression of H19, stemness and oxaliplatin resistance of colorectal cancer cells. (A)** In situ analysis with Cy3-labeled RNA using an H19 FISH probe in CRC tissues. The scale bar represents 50 μm. CRC tissues were also stained with pancytokeratins (cancer nest) and α-SMA (stroma) by immunofluorescence assay. **(B)** qRT-PCR analyzed the level of H19 in isolated CAFs and NFs. SW480 and HCT116 cells were cultured under conditioned medium derived from NFs (NF-CM) and CAFs (CAF-CM) for 4 days. **(C)** The capacity of cells to form spheres was assessed. Measurements were taken digitally, and mammospheres were quantified using six pictures per well. The mean number of mammospheres \>75 μm was counted and shown. **(D)** CAF cells were treated with GW4869, and the conditioned medium was collected. CAF1-CM (GW4869) represents the conditioned medium of CAF cells treated with GW4869. The SW480 and HCT116 cells were cultured under NF-CM, CAF-CM and CAF1-CM (GW4869) for 4 days. The AldeRed ALDH detection assay was performed to detect the intracellular ALDH enzyme activity. The ALDH1^high^ population was defined as cells showing a right shift in fluorescence in the absence of DEAB. **(E)** The percentage of the ALDH1^high^ cancer cell population. **(F-G)** SW480 and HCT116 cells were cultured under NF-CM and CAF-CM for 4 days. Cells were treated with different concentrations of oxaliplatin (0 μM, 1 μM, 2 μM, 4 μM, 8 μM and 16 μM) for 24 h, and cell viability was measured by CCK8. **(H)** SW480 cells were cultured under NF-CM and CAF-CM for 4 days. Cells were then treated with 4 μM oxaliplatin for 48 h, and cell apoptosis was measured by flow cytometry. **(I)** SW480 cells were cultured under NF-CM, CAF-CM and CAF1-CM (GW4869) for 4 days. The level of H19 was analyzed by qRT-PCR. **(J)** SW480 cells were pretreated with 10 μM galunisertib or PBS and were then treated with NF-CM, CAF-CM and CAF1-CM (GW4869) for 4 days. Levels of H19 in cells were analyzed. All representative data are from three independent experiments. Error bars, SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](thnov08p3932g004){#F4}

![**CAF-derived exosomes transfer H19 to colorectal cancer cells. (A)** The representative images of exosomes derived from CAFs and NFs analyzed by transmission electron microscopy. Scale bar, 100 nm. **(B)** The size distribution of the isolated exosomes was analyzed by nanoparticle tracking analysis. **(C)** Western blotting analysis for exosomal markers CD63, Hsp70 and GM130 of SW480 cells and exosomes derived from CAF cells. **(D-E)** CAFs were pre-treated with or without GW4869. Then, the CAFs were labeled with CM-Dil (red) and co-cultured with SW480 for 18 h. Immunofluorescence analyzed the distribution of CM-Dil in cells. Scale bars, 20 µm. **(F)** qRT-PCR analyzed the level of H19 in the isolated exosomes derived from CAFs and NFs of five patients. **(G)** The SW480 cells were incubated with indicated exosomes or PBS for 48 h, and the level of H19 was analyzed by qRT-PCR. **(H)** The SW480 and HCT116 were incubated with exosomes (10 µg/mL from CAFs or NFs for 24 h, and the capacity of cells to form spheres was assessed. Measurements were taken digitally, and mammospheres were quantified using six pictures per well. The mean number of mammospheres \>75 μm was counted and shown. **(I-J)** SW480 cells were incubated with exosomes (10 µg/mL) from CAFs or NFs from three patients for 48 h, and AldeRed ALDH detection assay was performed. **(K)** SW480 and HCT116 cells were incubated with exosomes (10 µg/mL) from CAFs or NFs from three patients for 24 h. Cells were then treated with different concentrations of oxaliplatin (0 μM, 1 μM, 2 μM, 4 μM, 8 μM and 16 μM) for 24 h, and the cell viability was measured by CCK8. All representative data are from three independent experiments. Error bars, SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](thnov08p3932g005){#F5}

![**CAF-derived exosomes transfer H19 to CRC cells and promote tumor growth and oxaliplatin resistance*in vivo*. (A-B)** Subcutaneous xenografts were established in nude mice, which were treated with vehicle or oxaliplatin (5 mg/kg). In the exosome groups, the mice were injected with the indicated exosomes. The changes of tumor volume were monitored and shown (n = 6 per group). **(C)** The level of H19 in tumor tissues was analyzed by qRT-PCR and was increased by CAF-exosome treatment compared with NF-exosome treatment. **(D-E)** Immunohistochemistry analysis of Ki-67 protein levels in xenograft tumor tissues. Treatment with CAF-exosomes increased the expression of Ki-67 under treatment with oxaliplatin. Scale bar, 50 μm. **(F-G)** Immunohistochemistry analysis of cleaved Caspase-3 protein levels in xenograft tumor tissues. Scale bar, 50 μm. Treatment with CAF-exosomes decreased the protein expression of cleaved Caspase-3 under the treatment of oxaliplatin. **(H-I)** TUNEL apoptosis assay analysis of cell apoptosis in tumor tissues. Scale bar, 25 μm. Error bars, SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](thnov08p3932g006){#F6}

![**H19 activates the β-catenin pathway by acting as a competing endogenous RNA sponge for miR-141 in colorectal cancer. (A)** H19 was overexpressed by transfection with the pcDNA3.1-H19 plasmid, and luciferase experiments with Top-Luc Flash reporter and pRL-TK (as an internal control) were performed to analyze the Wnt/β-catenin pathway. **(B)** Western blotting assessed the level of β-catenin in SW480 and HCT116 cells after indicated treatments. **(C)** The expression of the downstream genes of the Wnt/β-catenin pathway (c-myc, CCND1 and CD44) was analyzed qRT-PCR. **(D)** SW480 cells were treated with exosomes (10 µg/mL) derived from CAFs or NFs for 48 h, and Western blotting analyzed the protein level of β-catenin. **(E)** Immunohistochemistry analysis of β-catenin levels in two xenograft tumor tissues in **Figure [4](#F4){ref-type="fig"}** and **Figure [6](#F6){ref-type="fig"}**. Scale bar, 50 μm. **(F)** Immunoprecipitation using anti-AGO2 antibody (lane 3) or IgG (lane 2) followed by Western blot analysis. Immunoprecipitated RNA was isolated by TRIzol reagent, and the level of H19 was analyzed by qRT-PCR. **(G)** The putative binding sites between H19 and miR-141 were predicted. **(H)** HEK293T cells were co-transfected with luciferase plasmids (psicheck2 vector, psicheck2-H19-wt, psicheck2-H19-mut) and miR-141 mimics or mimic controls, and dual-luciferase reporter gene assays were performed. **(I)** The mRNA levels of β-catenin were analyzed by qRT-PCR. The SW480 cells were transfected with empty vector (pcDNA3.1), H19-overexpressing plasmids (pcDNA3.1-H19), miR-NC (mimic control) or miR-141 (mimic), and mRNA levels of β-catenin were analyzed by qRT-PCR. **(J)** The protein levels of β-catenin were analyzed by Western blotting in SW480 cells transfected with plasmids overexpressing H19 (pcDNA3.1-H19), an empty vector (pcDNA3.1), miR-NC (mimic control) or miR-141 (mimic). **(K)** Representative immunostaining graphs of β-catenin expression in H19-high and H19-low CRC tissues. Scale bar, 200 μm. **(L)** Correlation between relative H19 level and β-catenin immunostaining scores in CRC tissues with linear regression lines. Data are shown as the means ± SD from three independent experiments. Error bars, SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](thnov08p3932g007){#F7}

![**Schematic illustration of the crosstalk between CAFs and cancer cells in the tumor microenvironment.** Exosomes derived from CAFs were transferred to CRC cells. H19 was highly expressed in CAFs and enriched in the CAF-derived exosomes. H19 could activate the β-catenin pathway via acting as a competing endogenous RNA sponge for miR-141 in CRC, while miR-141 significantly inhibited the stemness of CRC cells.](thnov08p3932g008){#F8}

###### 

Tumorigenic capacity of Lv-shC and Lv-shH19 SW480 cells in NOD/SCID mice.

  -------------------------------------------------------------------------------------------------------
  Cell Dose   Tumor-Initialing-Frequency\   P value                                            
              (95% Confidence Interval)                                                        
  ----------- ----------------------------- --------- ----- ----- ---------------------------- ----------
  Lv-shC      5/5                           3/5       1/5   0/5   1/9338 (1/3306-1/26376)      0.000312

  Lv-shH19    2/5                           0/5       0/5   0/5   1/14632 (1/44878-1/477460)   
  -------------------------------------------------------------------------------------------------------
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